Two new antimycin antibiotics, that is antimycins A 19 (1) and A 20 (2), were isolated from a cultured broth of marine actinomycete Streptomyces antibioticus H74-18 together with antimycins A 1a (3a) and A 1b (3b), A 2a (4), A 3a (5a) and A 3b (5b). Their structures were determined by spectroscopic methods in combination with X-ray diffraction. Antimycin A 19 possessed a chiral acyl chain and an alkyl branch. The absolute configuration of chiral acyl chain in 1 was determined by X-ray diffraction analysis. Antimycin A 20 (2) has the shortest and simplest acetoxy acyl chain in the antimycins family. All the antimycins (1-5) showed potential antifungal activities against Candida albicans with MIC of about 5-10 lg ml -1 .
INTRODUCTION
Most of the natural products with antibiotic activity have been produced by actinomycetes and fungi isolated from terrestrial environments. Actinomycetes have been the major source of new antiinfective agents, which include some of the most important and industrial antibiotic drugs. 1 However, the discovery of completely novel metabolites from these microbes is becoming more and more difficult. In order to increase the discovery of drugs and lead compounds from natural products, we have focused on the isolation of the unique microorganisms from new, unexplored environments such as marine environment.
In the future, marine microbes may be a key source for commercially important bioactive compounds. 2 Mangrove, being a unique inter-tidal ecosystem in tropics and subtropics, is ideally situated at the inter-phase between the terrestrial and marine environment and supports a rich and diverse aquatic and terrestrial microorganisms. 3, 4 The mangrove environment is a valuable source for the isolation of antibiotic-producing actinomycetes. 2,5 Some antibiotics, including some specific and potent antifungal antibiotics, have been obtained from marine actinomycetes. [6] [7] [8] [9] [10] Sediments of mangrove sites along the coast of the South China Sea have been a rich source of marine microorganism, especially actinomycetes. [11] [12] [13] [14] [15] [16] [17] Our research group has isolated 42000 strains of actinomycetes from the sediment soils collected at several mangrove sites in the South China Sea, of which about 40 strains were found to show antifungal activity against Candida albicans by primary in vitro screening. Further characterization of antifungal compounds, which was produced by a cultured broth of Streptomyces antibioticus H74-18, led to the isolation of two new antibiotic compounds-antimycins A 19 and A 20 (Figure 1 ). In the report, we describe the taxonomy characteristics and fermentation of the antimycin-producing strain, and the isolation, structure determination and antifungal activities of antimycins A 19 and A 20 .
RESULTS AND DISCUSSION
Strain H74-18 was isolated from a sediment soil collected at a mangrove zone in the South China Sea, Guangdong province, China. The vegetative mycelia grew abundantly on KIA agar (disaccharide iron medium), Glucose-gelatin-L-aspartic acid-agar, potato stock and Gaoshi No. 1 agar. The basal mycelia did not show fragmentation. The aerial mycelia has grayish white to dark gray color, and the basal mycelia has yellow to brownish red color. The conidiophore grown in aerial mycelia were curved, and each had about eight spores per conidiophore. The spores were cylindrical in shape, about 2Â0.6 mm 2 in size, and had a smooth surface (Figure 2 ). However, both types of mycelia grew sparsely in white color on Czapek Dox Agar and starch media. The pigments generated by the strains easily diffused on Gaoshi No. 1 agar, partly on potato stock medium, did not diffuse on glucose-aspartic acid-agar and starch agar media. No pigment was generated on the other media. The strains can utilize the six types of carbon resources, liquidize the gelatin, lyse starch, but can not grow on cellose, can not peptonize and liquidize milk and can not generate black pigment. Chemical analysis revealed that the lysis solution of the whole cells from the H74-18 contained L-DAP, glycine, alanine, L-aspartic acid, ribose, glucose and noncharacteristic monosaccharose. The chemical composition of strain cell wall belonged to type I, inconsistent with chemotaxonomic characteristic of genus Streptomyces. 16S rDNA sequence and phylogenetic tree analyses showed that the strain was most closely related to S. antibioticus, sharing 16S rDNA similarity value of 99.9%. Based on the taxonomic properties described above, the strain H74-18 was considered to be S. antibioticus.
Compound 1 was obtained as colorless plate crystal from a petroleum ether-acetone solvent system. High-resolution ESI-MS give quasi-molecular ion peak m/z 549.2729 [M+H] + , suggesting its molecular formula C 28 H 40 N 2 O 9 (calcd. for C 28 H 41 N 2 O 9 , 549.2807). Because of the small amount of compound 1 and the available crystals, single crystal X-ray diffraction analysis was undertaken for the determination of its structure. The result indicated that it is a member of antimycins. The basic skeleton of compound 1 was composed of a benzyl ring (A), a nine-member dilactone ring (B) and two side chains (Figures 3 and 4) . The dihedral angle between rings A and B was 48.61 ( Figure 5 ). Because of the longer side chains attached at two adjacent chiral carbons (C 7 and C 8 ), the rotation around single bonds C 8 /C 12 and C 7 /O led to the severe derivation from normal value of the temperature factors of atoms on the side chains. The strong thermal vibration of C-8¢ groups connected to nitrogen atom also resulted in the severe derivation from normal value of the temperature factors of atoms on the moieties. The arrangement of molecules in crystal belonged to the first type of space group, suggesting that this sample is optical active. The strong intramolecular hydrogen bond (D¼2.543˚) linked phenolic OH with o-carbonyl O atom in the molecule. The inter-molecular hydrogen bond (D¼2.801˚) also formed between N and O atoms from two different formamide. The S absolute configuration of the chiral center in the acyl side chain was determined by X-ray diffraction analysis due to the previous determination of other chiral centers in the molecule. This is the first antimycin with explicit absolute configuration of chiral carbons in the acyl side chains. This new antibiotic compound had the chemical name Table 1 ) were very similar to those of antimycins. Because of a very small amount of 2, 13 C NMR and 2D data were not successfully obtained. The existence of proton signal at d 2.13 (3H, s) and the absence of the other proton signals from acyl group side chains easily seen in other antimycins revealed that the acyl group in 2 was an acetoxy. So, 2 was elucidated to be (2S,3R,6R,7S,8S)-3-(3-formamido-2-hydroxybenzamido)-8-hexyl-2,6-dimethyl-4,9-dioxo-1,5-dioxonan-7-yl acetate, named antimycin A 20 .
Compound 2 is a member of antimycins having the shortest and simplest acetoxy as acyl side chain.
Samples 3B5 were a HPLC single-peak samples prepared with HPLC from a crystal mixture. We have not found a HPLC eluting system to separate it into two peaks on analytical HPLC ODS column. So, 3B5 were directly used to measure its ESI-MS, 1D and 2D NMR data. However, The NMR data indicated that both 3 and 5 are the mixture of antimycin A 1a /A 1b and A 3a /A 3b , respectively. Most of the 1 H and 13 C signals from basic skeleton of dilactone ring and benzyl ring of two components in both samples 3 and 5 had completely overlapped on the spectra. Two different acyl groups could be analyzed due to their discrete 1 H and 13 C signals, as seen in Hosotani et al. 18 Sample 4 was a single compound antimycin A 2a on the basis of its 1 H and 13 C NMR characteristics. A paper disc method with C. albican was used to guide the fractionation and purification of bioactive molecules. Antifungal activities against C. albican was measured using a 96-well plate assay with final concentration of compounds of 20, 10, 5, 2.5, 1.25 and 0.75 mg ml -1 . The assay plates were incubated for about 20 h, with DMSO as the negative control and clotrimazole as the positive control. The clear wells with minimum concentration of compounds were counted for the MIC concentration. Samples 1-5 exhibited different MICs at 5 (1), 10 (2), 10 (3a and 3b), 5 (4), 10 (5a and 5b) mg ml -1 , respectively. Their MICs against Cryptococcus neoformans and Aspergillus niger were higher than 20 mg ml -1 by the same method.
EXPERIMENTAL PROCEDURE General experimental procedures
The morphological properties were observed with a JEOL JSM-5600 scanning electron microscope (JEOL Ltd., Tokyo, Japan). UV was recorded on a Jasco V-550 UV/Vis spectrophotometer (Jasco International, Tokyo, Japan). IR was run on a Jasco FI/IR plus Fourier transform spectrometer (Jasco International). NMR spectra were recorded at 25 1C on a Bruker 400 MHz spectrometer (Bruker Corporation, Fallanden, Switzerland) with residual CDCl 3 peak as reference. LR-ESI-MS spectra were recorded on a Finnigan LCQ Advantage MAX mass spectrometer spectrometer (Thermo Electron Corporation, San Jose, CA, USA). HR-ESI-MS data were recorded on an AB4000 Q Trap mass spectrometer (Agilent, Santa Clara, CA, USA). Preparative HPLC separation was performed on Gilson 306 (pump) (Gilson Inc., Villiers Le Bel, France) equipped with an UV/VIS-152 detector and Waters SunFire Prep C18 F 19Â150 mm 2 (Waters Corporation, Milford, MA, USA). All solvents used for chromatography, UV and MS were Lab-Scan HPLC grade (POCH S.A., Gliwice, Poland), and the H 2 O was filtered with Millipore Milli-Q PF (Millipore Corporation, Billerica, MA, USA). Strain C. albican in paraffinic oil suspension solution of the spore was purchased from Guangdong Institute for Drug Control. Strains C. neoformans and A. niger were supplied by the Department of Microbiology, Medical College, Jinan University.
Fermentation
A stock culture of Streptomyces sp. H74-18 was inoculated into a large test tube containing 10 ml of a seed. Strain H74-18 grew on Gaoshi No. 1 agar media at 28 1C for 14 days. The medium consisted of glucose 40.0 g, peptone 10.0 g, agar 20.0 g in 1000 ml distilled water with 0.05 mg ml -1 chloromycetin. The fermentation was carried out on a reciprocal shaker at 28 1C for 2 days. One milliliter of the first seed culture was transferred into each of eight 500 ml Erlenmeyer flasks containing 100 ml of the same seed medium and incubated on a rotary shaker at 28 1C for 3 days. Then, 2000 ml of the second seed culture was transferred into a 30-l jar fermenter containing 20 l of production medium that consisted of the same media mentioned above.
Extract and isolation
The whole culture broth (20 l) was filtered. The mycelia was soaked and extracted with acetone. The organic solvent in extraction solution was condensed by rotary evaporation under reduced pressure. The aqueous extract was suspended in distilled water and partitioned with ethyl acetate (EtOAc), and the organic layer was concentrated in vacuo to afford the crude antifungal material (50.0 g), which was chromatographed over a silica gel column (1000 g). Active fractions eluted with petroleum ether-ethyl acetate (5:1) were concentrated to yield an active crude subfraction (1.07 g), which was applied to another silica gel column and eluted with petroleum ether-acetone (7:1). A crude crystal sample (25 mg) with potent antifungal activity was obtained from some fractions. The crystal sample contained a few morphological types of crystals including plate, columnar crystal and acicular crystal. LC-ESI-MS (positive) on Agilent Eclipse Plus and RP-C18 (5 mm) column (4.6 mmÂ250 mm; Welch Material Inc., Ellicott, MD, USA), eluting with methanol-0.5% formic acid distilled water (80:20) solvent system and flowing rate at 1 ml min -1 , revealed that it is a mixture with five major peaks with ion peaks at m/z 543.5, 557.7, 557.7, 571.7 and 571.7, respectively and the corresponding retention times at 6.33, 7.98, 8.67, 11.37 and 12.31. A single plate-like crystal (1) was picked up for X-ray diffraction analysis. The rest of the crystal sample (23 mg) and residue from the mother solution were applied onto an ODS HPLC (i.d. 19Â150 mm 2 , Waters SunFire Prep C18 column), which was eluted with methanol-0.5% formic acid distilled water (80:20) with a detection wavelength at 240 nm to afford four colorless powders; that is antimycin A 20 (2, 1.1 mg), antimycins A 1a and A 1b (3, 4.2 mg), antimycin A 2a (4, 3.5 mg) and antimycins A 3a and A 3b (5, 5.0 mg), respectively.
X-ray diffraction
The crystallographic analysis of compound 1 was described below: formula C 28 H 40 N 2 O 9 ; Mr 548.62; monoclinic system; space group: P2 1 ; a¼12.553 (1) Å , b¼8.026 (1) Å , c¼15.708 (1) Å ; b¼92.06 (1) Å ; V¼1581.1 (7) Å 3 ; Z¼2; crystal dimensions 0.10Â0.15Â0.20 mm 3 , calculated density 1.152 g cm -3 . Diffraction intensity data were collected by using a MAC DIP-2030K diffractometer (Mac Science, Tokyo, Japan) to a maximum 2y value of 50.01 with graphite-monochromated MoKa radiation. A total of 6868 independent reflections were collected, of which 2897 were observed (|F| 2 X4s|F| 2 ). The crystal structures were solved by direct methods using Shelxs-97 (University of Göttingen, Göttingen, Germany). In the structure refinements, non-H atoms were refined anisotropically. H atoms bonded to carbons were placed on the geometrically ideal positions by the ''ride on'' method. H atoms bonded to oxygen were located by the difference Fourier method and were included in the calculation of structure factors with isotropic temperature factors. The final R 1 ¼0.0621 and wR 2 ¼0.1473, S¼0.950.
Antifungal assay
Antifungal activities were determined using MIC method in 96-well plates with compounds diluted in DMSO. C. albicans, C. neoformans and A. niger were grown in modified Martin broth for 12 h and dispensed into 96-well plates, 200 ml per well. Compounds were added to 96-well plates at final concentrations of 20, 10, 5, 2.5, 1.25 and 0.625 mg ml -1 . Plates were incubated for 20 h, with DMSO as negative control. Modified Martin broth was composed of glucose 20 g, peptone 5 g, Yeast extract 4 g, K 2 HPO 4 7H 2 O 0.63 g, MgSO 4 7H 2 O 1.8 g in 1000 ml distilled water. MIC was determined as the concentration of compound that totally inhibited growth of C. albicans.
Supporting information on CIF data (CCDC 827453) for the crystal structure of new compound 1 and NMR spectra of compound 2 are available from the corresponding author or free of charge via the Internet at the IUCr electronic archives.
